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i  contents  in  the  (eaves  and  acorns.  Metal  accumulation  in  acorns  poses  a  serious 

!  health  hazard,  because  these  fruits  are  consumed  by  local  population.  Pb  levels 

in  acorns  are  particnlary  worrying. 

Junaua  conglomerate  growing  on  an  effluent  ditch  at  Lousal  mines  revea¬ 
led  remarkable  adaptations  to  heavy  metal  stress.  Apparently,  the  plant  was  ca¬ 
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INTRODUCTION 


I. I  Background 


1.1.1.  The  Sado  River 

The  Sado  River  has  its  origin  SW  of  Ourique  and  crosses  Che 
whole  Southern  AlenCejo,  reaching  the  Atlantic  Ocean  near  Setubal,  after 
a  175  Km  course  (Figl).  Its  drainage  basin  of  7  630  Km^  it's  the  largest 
among  the  Portuguese  rivers  (Peneda,  1980). 

The  mean  annual  precipitation  in  the  drainage  basin  is  645  mm, 
but  the  rainfall  displays  a  marked  seasonal  distribution,  characteristic 
of  the  mediterranean  climate:  the  rainy  season  extends  from  November  to 
Aoril;  the  dry  season  extends  from  May  to  October  and  coincides  with  the 
hot  season.  The  mean  monthly  precipitation  during  the  dry  season  is 
usually  less  than  40  nm  (Feneda,  1980) . 

This  determines  a  very  strong  irregularity  in  the  river  discha£ 
ge  ,  varying  between  0.07  a?/s  in  the  end  of  the  suraner,  and  peak  disehajr 
ges  of  200  np/s  during  high  water  periods.  The  irregularity  of  flow  ori¬ 
ginated  by  climatic  conditions  has  been  increased  due  to  the  numerous  dams 
and  other  irrigation  works  built  throughout  the  drainage  basin  (Peneda, 
1980). 

The  Sado  river  plays  a  vital  role  in  the  economy  of  the  region, 
being  the  source  of  water  supply  for  irrigation  of  about  35,000  ha.  The 
Alcacer  do  Sal  county,  in  the  lower  reaches  of  Sado,  is  the  major  rice 
producer  of  the  country,  with  its  5,000  ha  of  rice  plantations.  Along  the 
river  course  are  ]ocar<vl  several  industries *  closely  associated  with  agr£ 
culture  (Alves  4  Oliveira,  1987). 

1.1.2.  The  Sado  Estuary 

The  Sado  estuary  lies  south  of  Setubal  peninsula,  forming  a  gulf 
in  the  SE-NW  direction  (Fig.  2) 

The  mean  annual  temperature  in  the  estuary  zone  is  around  16°  C, 
the  mean  annual  precipitation  is  600  n«n  and  the  mean  annual  evapotranspi- 
ration  is  500  mm  (CNA,  1982) .  The  mean  annual  temperature  of  estuarine 
waters  is  16°C,  varying  between  14  and  22°C  (Peneda  et  al,  ,  1983). 

The  estuary  is  shallow  and  the  bottom  is  very  irregular.  Estua¬ 
rine  sediments  are  of  marine,  fluviomarine  and  continental  origin  (Ribei- 
ro  &  Neves,  1982).  The  estuary  can  be  divided  in  three  zones,  as  far  as 
estuarine  flushing  is  concerned:  the  north  channel,  with  a  mean  depth  of 
10  m,  and  the  south  channel,  with  a  mean  depth  of  20  m,  separated  by  a 
shallow  zone  of  sand-shoals  (Peneda,  1980) .  The  water  inflow  during  high- 
-tide  occurs  mainly  through  the  north  channel  while  the  seaward  flow  du¬ 
ring  low-tide  occurs  mainly  through  the  south  channel  (Ribeiro  &  Neves, 
1982).  In  the  latter,  very  strong  currents  develop,  contributing  to  an 
effective  renewal  of  estuarine  waters:  near  70Z  of  the  total  volume  of 
water  of  the  estuary  is  renewed  in  each  tidal  cycle. 

However,  in  the  upper  region  of  the  north  channel  (SAPEC  - 
Gaslimpo),  where  the  bulk  of  industrial  effluent  discharges  occur,  the 
water  (and  the  pollutants)  present  at  the  end  of  the  high-tide  have  an 
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elevated  residence  time  due  to  the  weak  seaward  flow  in  this  channel 

IXi •- i ng  the  high-tide  the  salt-wedge  reaches  Alcacer  do  Sal 
(  40  Km  ups  am  of  Setubal)  .  The  zone  under  tidal  luence  extends 
further  seve  1  Km  upstream  of  this  city. 

Th  Sado  estuary  has  a  great  biological  ai  ecological  impor¬ 
tance:  a  nat  al  reserve  with  an  area  of  25  000  ha  located  there,  pro 

viding  refuge  for  several  species  of  birds,  some  of  them  migratory. 

The  fisheries  in  the  estuary  also  play  an  important  role,  the 
main  conroercial  species  being  cuttle  fish  (Sepia  officinalis) ,  sole 
(Solea  solea) ,  whelks  (  ^  urex  brandaris  and  M .  tmnculus !  and  Halobactrus 
didactylus  (Paneda  &  Coelho,  1978). 

Oyster  farming  was,  until  recently,  a  major  economic  activity, 
but  this  mollusc  disappeared  from  the  Sado  estuary  in  the  late  70' s,  pro 
bably  due  to  the  increasing  of  pollution  levels. 

The  estuary  has  also  an  important  role  as  a  nursery  for  several 
species  of  fishes,  namely  sardine  (Sardina  pi Ic hardus )  and  anchovy  (Fngrau 
lius  encnasicholus)  (Peneda,  1980). 

The  estuary  ecosystems  are  supported,  in  a  great  extent, by  the 
primary  production  of  the  salt  marshes  that  border  the  Sado  estuary;  more 
over,  the  salt  marshes  provide  shelter  to  several  species  of  birds. 

1.1.3.  Metal  Pollution  Sources  in  the  Sado  Basin 

The  major  metal  pollution  sources  in  the  upper  course  of  the 
river  are  the  pyrites  mines  of  Aljustrel  and  Lousal.  Pyrites  ores  are 
rich  in  Fe,  Cu  and  Zn,  and  also  contain  Mn,  Pb,  Cd  and  other  heavy  metals. 

At  Aljustrel,  mine  effluents  are  treated  in  order  to  recover 
the  metals  present  there,  and  are  subsequently  collected  in  a  large 
impoundment.  However,  the  recovery  process  is  very  inneficient  and  the 
outflow  waters  still  exhibit  extremely  high  levels  of  Fe,  Zn,  Mn,  Cu  and 
traces  of  other  heavy  metals  (see  below).  The  mine  waste  waters  are  also 
characterized  by  a  very  low  pH,  near  2.5,  that  it  is  not  raised  by  the 
recovery  process. 

The  impounded  waters  are  subject  to  dilution  processes,  due  to 
rainfall,  and  concentration  processes,  due  to  evaporation.  The  final  re-^ 
suit  is  somewhat  positive  in  the  winter  season,  but  highly  negative  du¬ 
ring  the  sunnier  period.  During  winter  the  reservoir  frequently  overflows, 
discharging  the  heavily  polluted  water  into  Roxo  creek,  a  Sado  river 
tributary.  Besides  these  irregular  discharges,  there's  an  almost  conti¬ 
nuous  small  outflow  from  the  reservoir. 

At  Lousal,  mine  effluents  are  discharged  directly  into  Corona 
creek,  another  of  Sado's  tributaries  (see  Fig  1  ),  without  any  sort  of 
treatment.  The  waste  water  discharge  at  Lousal  is  continuous,  although 
irregular  in  flow  and  composition. 

Located  at  Aljustrel,  there's  a  non-ferrous  metal  processing 
unit  that  also  contributes  to  the  metal  contamination  of  the  Roxo  creek. 

Finally  it  must  be  referred  that  the  leaching  of  pyrites  mine 
tailings  during  the  rainy  season  creates  a  serious  problem  of  difuse 
pollution.  This  kind  of  pollution  is  very  difficult  to  control  and 
persists  for  many  years  after  pyrites  extraction  has  ceased,  as  it  happens 
with  the  abandoned  mines  of  Caveira  (Grandola  creek,  a  Sado  river  tribix 
tary)  and  Juliana  (Roxo  creek). 

It  mist  be  emphasized  that  during  the  summer,  in  consequence 
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Figure  3  -  Location  of  the  major  potential  contributors  to  heavy  metal  pollution  in  the  Sado 
Estuary. (■) 


of  Che  scarce  rainfall,  Che  creeks,  present  a  very  reduced  flow  consisting 
mainly  of  undiluted  effluents. 

Apparently,  Aljustrel  mine  effluents  suffer  some  dilution  and 
reach  the  Sado  river  with  lower  heavy  metal  concentrations  -  it  must  be 
noted  that  the  overflow  of  contaminated  waters  from  the  reservoir  occurs 
during  the  rainy  season. 

The  effects  of  Lousal  mine  pollution  have  been  recorded  to  ex¬ 
tend  downstream  to  Alcacer  do  Sal,  during  episodic  discharges  of  great 
volumes  of  heavily  polluted  effluent.  In  some  of  these  discharges  a  wide¬ 
spread  fish  mortality  was  observed  in  the  Sado  river. 

On  the  last  three  decades,  a  large  number  of  industries  developed 
on  the  northern  bank  of  Sado  estuary,  near  the  city  of  Setubal.  Several 
of  them  are  potential  contributors  to  heavy  metal  pollution,  namely:  (Fig. 3) 

.  Metal  ore  processing  (Eurominas) 

.  Shipbuilding  and  repair  (Setenave) ,  ship  painting  (Gaslimpo) 
and  marine  hardware  (Fundisado) 

.  Fertilizer  industry  (Sapec) 

.  Metal  works  (Mague,  etc.) 

.  Automotive  industries  (Entreposto,  Movauto,  etc.) 

.  Paints  and  anticorrosives 

.  Pulp  and  paper  mills  (Portucel  and  Inapa) 

The  large  majority  of  these  industries  don't  treat  their 
effluents,  therefore  they  can  be  expected  to  discharge  considerable 
amounts  of  heavy  metals  directly  into  the  Sado  estuary  (DGRAH ,  1980). 

Besides  those  industries,  two  major  indirect  pollution  sources 
must  be  taken  into  account:  the  cement  industry  at  Outao  (Secil)  and  the 
1,000  MW  coal-fueled  power  plant  at  Praias  do  Sado,  which  emit  large 
anounts  of  heavy  metals  to  the  atmosphere;  the  subsequent  deposition  of 
airborne  particles  on  estuary  waters  can  be  a  significant  source  of  metal 
contamination. 

The  pyrites  mines  in  the  upper  course  of  the  river  and  the  in¬ 
dustries  on  the  northern  bank  of  the  estuary  have  been  referred  as  major 
contributors  to  heavy  metal  pollution  on  the  Sado  river. 

Fungicide  treatments  of  the  crops,  with  compounds  containing.  Mn, 

Cu  and  Zn,  are  thought  to  be  a  secondary  source  of  metal  pollution,  par¬ 
ticularly  in  the  lower  reaches  of  Sado,  near  Alcacer  do  Sal. 


1.2.  Purpose  and  Scope 

In  spite  of  the  several  heavy  metal  contamination  sources  referred 
to  above,  and  the  risks  posed  by  heavy  metal  accumulation  in  the  food  chain, 
no  systematical  pollution  studies  have  been  carried  out,  hitherto,  in  the 
Sado  drainage  basin. 

The  purposes  of  this  study  are: 

1)  To  measure  levels  of  heavy  metals  in  plants,  water  and  sediments,  in  the 
zones  of  the  Sado  basin  considered  to  be  potentially  contamnated:  the  es¬ 
tuary  and  the  area  downstream  of  the  pyrites  mines  of  Aljustrel  and  Lou¬ 
sal. 

2)  To  determine  how  the  water  and  sediment  heavy  metal  concentrations  relate 
to  their  levels  in  different  plants,  in  an  attempt  to  identify  imiicator 
plant  species. 

3)  To  identify  the  major  human  activities  accounting  for  the  pollution  obser¬ 
ved  and  their  temporal  patterns  of  heavy  metal  discharge. 


9 


2.  METHODS  AND  MATERIALS 


2.1.  Selection  of  Sampling  Sites  and  Species 

2.1.1.  Estuarine  Zone 

Halimione  portulaooidee  was  selected  as  the  sampling  species, 
because  of  its  widespread  occurrence  on  the  Portuguese  coast  salt  marshes. 
Also  some  heavy  metal  determinations  have  already  been  carried  out  on  this 
species,  on  the  Sado  estuary,  which  provides  a  term  for  comparison. 

5  sampling  sites  were  chosen  (Fig.  2),  3  on  the  northern  bank 
(Setenave  W,  Setenave  E  and  Mouriscas)  and  2  on  the  southern  bank  (Batalha 
and  ETAR) .  The  northern  bank  sampling  sites  were  located  nearer  the  pollu¬ 
tion  sources.  The  southern  bank  sampling  sites  were  considerably  farther 
from  domestic  and  industrial  pollution  sources  and  were  chosen  in  order  to 
assess  the  importance  of  estuarine  circulation  on  heavy  metal  pollution 
dispersal. 

The  Mira  river  estuary  was  selected  as  control,  due  to  the  absen 
ce  of  polluting  industries  in  its  drainage  basin.  The  Mira  river  (Figp.  1  e  4J 
runs  through  one  of  the  less  densely  populated  areas  of  Portugal  and  there 
fore  the  pollution  from  urban  sources  is  also  minimal. 

Samples  of  water,  sediment  and  plants  were  quarterly  collected 
from  each  station,  as  described  in  section  2.2.1. 

2.1.2.  Pyrites  Mines  Zone 

Holm-oak  ( Queraus  rotundi  folia)  was  selected  as  sampling  species 
because  of  its  almost  ubiquitous  occurrence  on  the  southern  Alentejo. 
Furthermore,  the  holm-oak  plays  a  vital  role  as  first  link  in  the  food 
chains  of  natural  and  man-managed  ecosystems.  Its  fruits  are  also  consumed 
directly  by  the  local  population.  In  this  manner,  heavy  metal  accumulation 
by  holm-oaks  poses  a  serious  environmental  threat. 

In  the  pyritiferous  area  of  the  Sado  drainage  basin  several  sam¬ 
pling  sites  were  chosen.  Samples  of  plant  material  were  collected  near  the 
pyrites  mines  of  Aljustrel  and  Lousal,  the  only  mines  in  activity  in  the 
region.  Several  abandoned  pyrites  mines  exist  in  the  upper  reaches  of  the 
Sado  basin,  the  more  important  being  Caveira  and  Juliana  mines.  Although 
they  no  longer  contribute  with  direct  effluent  discharges  into  the  water 
courses,  the  leaching  of  pyrites  mines  tailings  may  represent  an  additional 
metal  pollution  source.  The  evaluation  of  this  contribution  it's  not  easy, 
because  it  requires  that  river  water  analyses  are  done  shortly  after  the 
precipitation  occurrence.  In  view  of  these  difficulties,  we  decided  to 
concentrate  our  efforts  on  the  evaluation  of  metal  pollution  arising  from 
the  Aljustrel  and  Lousal  mines. 

Holm-oak  samples  were  collected  from  both  sites.  At  the  Lousal 
mines,  samples  of  eucalypt  ( Eucalyptus  globulus )  and  rush  (.Juno us  song lome_ 
vatus)  were  also  collected. 

Samples  of  Aljustrel  and  Lousal  mine  effluents  were  obtained. 
Several  sampling  stations  were  established  along  the  courses  of  Corona  and 
Roxo  creeks  and  in  the  Sado  river,  in  order  to  assess: 

1)  The  alterations  induced  by  mine  effluent  discharges  on  the  background 
levels  of  heavy  metals,  in  Corona  and  Roxo  creek; . 


/ 


2)  The  dilution  of  metal  concentrations  that  occur  along  the  creeks  before 

|  they  reach  the  Sado  river. 

|  As  in  the  estuarine  le,  samples  were  collected  quarterly. 

\  2.2,  Field  Collection 

t 

j  2.2.1.  Estuarine  Zone 

Collection  sites  far  from  roads  or  dumping  areas  were  selected. 
Whole  mature  and  well-developed  plants  of  Halimione  portulaaoides  were 
collected  with  the  help  of  a  shovel  and  a  hoe,  and  placed  in  black  poly¬ 
ethylene  bags  with  an  acetate  label. 

Sediment  in  which  the  plants  were  growing  was  collected  with 
the  aid  of  a  plastic  cup  and  also  placed  in  polyethylene  bags. 

Water  was  collected  from  the  nearest  point  to  the  plant  and  soil 
collection.  The  samples  were  taken  with  plastic  bottles,  5-10  cm  under  the 
surface.  When  sampling  was  done  in  very  shallow  waters  precautions  were 
taken  in  order  to  minimize  the  admission  of  sediments  into  the  bottles. 

Samples  were  collected  between  the  low  and  high-tide,  in  order  to 
make  easier  both  the  collection  of  plant  material  (that  requires  that  the 
soil  where  the  plants  grow  is  not  covered  with  water)  and  the  collection  of 
water  (  that  requires  that  the  tide  is  not  so  low  that  tidal  flats  hinder 
the  access  to  water). 

A  brief  description  of  the  estuarine  sampling  stations  is  presented 

below: 

Usually,  the  plant  community  was  dominated  by  Halimione  portulacoi- 
des,  Arthroenemum  perenne  and  Spartina  maritima.  Zonation  of  the  salt  marshes 
results  from  different  tolerances  to  flooding:  plant  species  are  distributed 
according  to  the  following  sequence,  as  flooding  period  increases:  Halimione 
portulaaoides ,  Arthroenemum  perenne ,  Spartina  maritima.  Reed  (Phragmites 
eormunis) ,  when  it  occurs,  usually  shares  the  lower  zone  of  the  salt  marsh 
with  Spartina  maritima. 

1)  Setenave  W  -  located  1  Km  east  of  Setenave  shipyards  (Fig.  2  ).  Sediments 
are  very  fine  grained  and  present  a  dark  hue  and  a  characteristic  smell, 
indicative  of  high  organic  matter  content.  The  remainder  sampling  stations, 
with  the  exception  of  Mouriscas  and  ETAR,  presented  identical  sediment 
characteristics . 

2)  Setenave  E  -  located  a  few  hundred  meters  far  from  Setenave  shipyards. 

3)  Mouriscas  -  located  near  the  old  tidal-mill  of  Quinta  das  Mouriscas,  a 
few  Km  west  of  the  Aguas  de  Moura  channel.  The  fine  sediments  described 
above  constitute  a  layer  of  variable  thickness,  that  overlies  coarse  sed^ 
ments.  Sometimes  the  clay  layer  is  thick  enough  to  contain  the  whole  root 
system  of  Hamilione , but  this  often  deepens  through  the  sandy  sediments. 

4)  Batalha  -  located  on  the  southern  bank  of  the  estuary.  It  is  the  site 
where  Halimione  portulaaoides  grows  better,  forming  a  thick  mat  that  al¬ 
most  completely  covers  the  sediments. 

5)  ETAR-  located  on  the  Troia  peninsula,  near  the  estuary  mouth,  a  few  hun¬ 
dred  meters  far  from  a  sewage  treatment  plant  (not  in  operation).  The  se¬ 
diments  are  coarse  and  the  development  of  Halimione  is  poor. 
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6)  Moinho  da  Asneira  -  located  on  the  Mira  estuary  (Fig. 4  ),  near  a  tidal- 
-aill,  2  Kb  upstreas  of  Vila  Nova  de  Milfontes.  The  sediments  were  very 
fine  grained  and  presented  a  conspicuous  blue  colouring,  only  a  few  cen 
timeters  under  the  surface,  due  to  the  presence  of  iron  in  the  reduced 
state,  an  indication  of  anoxic  conditions.  However,  near  the  roots  of 
Balimione  portulacoides  the  soil  colour  changed  from  blue  to  red,  indica 
ting  that  somehow  the  plant  created  oxidizing  conditions  in  its  rhizospFere. 
At  Moinho  da  Asneira  the  plant  coamunity  was  dominated  by  reed  ( Phragmites 
aamunie) . 

2.2.2.  Pyrites  Mines  Zone 

At  Aljustrel  and  Lousal, mine  tailings  were  almost  completely  bare; 
vegetation  appeared  only  where  the  soil  was  not  disturbed  by  mine  workings. 

The  plants  growing  near  the  mines  were  predominantly  holm-oaks,  with  Custua 
dominating  the  understory.  Eucalypts  were  also  present. 

Almost  all  the  holm-oaks  growing  near  the  mines  presented  stunted 
growth,  and  malformed  leaves,  much  smaller  than  it  is  usual  in  healthy  plants, 
and  often  necrotic  spotting. 

At  Lousal,  eucalypts  growing  near  the  effluent  ditch  that  leads  the 
mine  effluent  to  the  Corona  creek  also  revealed  alterations  when  compared  with 
control  plants:  in  some  twigs,  juvenile  leaves  near  the  base  of  the  leafy  shoot 
presented  extensive  necrosis,  whilst  those  near  the  tip  presented  red  patches, 
that  in  some  cases  covered  almost  completely  the  leaf  surface. 

At  Aljustrel,  holm-oak  leaves,  twigs  and  acorns  were  collected  from 
several  trees  within  a  S00  m  radius  of  the  ore  dressing  installations.  Plant 
material  (leaves  and  stems)  from  Cyatua  growing  under  or  near  the  holm-oak 
trees  was  also  obtained . 

At  Lousal,  the  plant  material  was  collected  from  trees  growing  just 
on  the  border  of  the  effluent  ditch;  leaves  were  collected  from  holm-oaks  ami 
eucalypts.  Whole  plants  of  rush  (Junoua  conglomeratua)  growing  on  another 
effluent  outflow  were  also  collected,  as  well  as  the  sediment  in  which  they 
were  rooted. 

All  the  plants  sampled  were  only  a  few  hundred  meters  far  from  the 
mine  works  and  were  consequently  subject  to  aerial  contanination  derived  from 
mine  tailings  and  ore  dressing  installations. 

As  the  study  of  plant  contamination  in  the  pyrites  mines  zone  cen¬ 
tered  on  holm-oak, control  trees  were  selected  on  a  site  several  Km  upwind  from 
Aljustrel  and  removed  from  other  contamination  sources.  Leaves  and  acorns 
were  collected. 

At  Aljustrel,  water  samples  were  taken  on  the  outflow  of  the  reservoir 
that  receives  the  effluent  from  the  metal  recovery  process. 

At  Lousal,  water  samples  were  collected  from  the  effluent  ditch 
referred  to  above. 

The  following  water  sampling  stations  were  also  established  (Fig. 5  ): 

1)  On  the  Roxo  creek,  several  Km  upstream  of  Aljustrel. 

2)  On  the  Roxo  Creek,  just  before  the  confluence  with  the  Sado  river. 

3)  On  the  Sado  river,  a  few  Km  after  the  Roxo  confluence,  and  before  the  Co¬ 
rona  confluence. 

4)  On  the  Corona  creek,  1  Km  upstream  of  Lousal  mine  effluent  discharge. 

5)  On  the  Corona  creek,  imsediately  after  the  main  effluent  discharge  of  Lou 
sal  mines. 

6)  On  the  Corona  creek,  just  before  the  confluetce  with  the  Sado  river. 
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2.3.  Laboratory  procedures 

Soil,  water  and  plant  material  were  prepared  as  described  below 
and  analysed  for  Fe,  Mn,  Zn,  Cu,  Pb  and  Cd,  using  a  Perkin  Elmer  3030  ato¬ 
mic  absorption  spectrophotometer. 

2.3.1.  Soil 

Leaves,  twigs,  roots  and  other  debris  were  removed  from  the  soil 
sample,  and  it  was  homogeneized  until  it  presented  uniform  texture  and 
colour.  The  sample  was  oven-dried  at  100  C,  until  constant  weight. 

The  heavy  metal  analyses  were  done  according  to  the  procedure  of 
McGrath  &  Cunliffe  (1985): 

"Ground  soil  (0.5g)  was  wheighed  into  a  glass  test  tube,  8  ml 
concentrated  HC1  and  2  ml  concentrated  HNOj  added,  and  the  mixture  allowed 
to  digest  overnight  at  room  temperature.  The  tubes  were  placed  in  a  diges¬ 
tion  block  at  105°C  for  1  h  and  the  temperature  then  increased  to  140°C 
until  the  samples  were  dry.  After  cooling,  12.5  ml  of  20%  (by  volume)  HC1 
were  added  and  the  mixture  re-warmed  at  80°C  for  20  min.  After  cooling, 
the  solution  was  mixed  with  a  Vortex  test  tube  and  filtered  through  a 
Whatman  No. 40  filter  paper  into  a  volumetric  flask,  rinsed  and  made  up  to 
volume  with  deionized  water". 

2.3.2.  Water 

Water  samples  were  divided  in  two  sub-samples:  one  of  them  was 
previously  filtered  through  a  Whatman  No. 42  filter  paper,  that  retains  very 
fine  crystaline  substances.  The  values  obtained  through  this  treatment 
correspond  roughly  to  dissolved  and  coloidal  heavy  metals.  The  other  sub- 
-sample  was  analysed  without  any  treatment,  the  values  obtained  correspon¬ 
ding  to  total  (dissolved  +  coloidal  +  particulate  bound)  heavy  metals. 

2.3.3.  Plant  Material 

The  whole  plants  of  Halimione  portulacoides  were  carefully  washed 
to  remove  any  sediments  attached  to  them.  The  plant  material  was  divided, 
whenever  possible,  in  thin,  medium-sized  and  thick  roots,  old  and  young  stems 
and  leaves.  The  root  system  was  less  developed  in  the  plants  growing  on  coarse 
sediments,  and  it  was  not  always  possible  to  obtain  thin  and  thick  roots. 

Those  siti-samples  were  again  carefully  washed.  The  rinsing  procedure 
was  done  in  the  shortest  time  possible,  in  order  to  avoid  losses  of  metal 
ions  due  to  unspecific  leakage  of  the  cells. 

A  similar  rinsing  procedure  was  adopted  to  the  other  plant  material. 
Junaus  conglomeratus  was  divided  only  in  root  and  shoot  fractions. 

Plant  material  analyses  were  done  according  to  the  procedure  of 
Instituto  Agronomico  de  S.  Paulo  (1978):  Plant  material  was  oven-dried  at  65- 
-70°C,  ground  into  powder  and  digested  by  HNO3  (100-150°C)  and  HCIO^  (200°C). 
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3.  RESULTS  AND  DISCUSSION 


3.1.  Estuarine  Zone 


3.1.1.  Sediments 

The  results  presented  in  TABLE  1  show  that  the  coarse-grained 
sediments  of  Etar  and  Mouriscas  have  much  smaller  amounts  of  heavy  me¬ 
tals  than  the  other  sampling  sites.  We  must  consider  that  the  metal  l£ 
vels  in  sediments  are  strongly  dependent  on  grain  size  effects:  within 
the  grain  size  spectrum,  the  finer  fraction  (consisting  mainly  of  clay 
minerals)  usually  shows  relatively  high  metal  contents.  In  the  silt  and 
finesand  fractions,  the  metal  concentration  generally  decreases,  due  to 
the  dominance  of  quartz  components  with  low  metal  content  (Salomons  & 
Forstner,  1984).  Folsom  et  al.  (1981)  quote  several  authors  that  con¬ 
firm  the  increase  in  heavy  metal  levels  as  sediment  texture  becomes  in 
creasingly  finer. 

TABLE  2  shows  the  ratios  of  heavy  metal  concentrations  in  the 
fine-grained  sediments,  assuming  that  Moinho  da  Asneira  (our  control) 
levels  are  -  1.00.  Fe  and  Pb  levels  are  quite  similar  in  all  sites,  but 
Mn,  Zn  and  Cu  denote  a  greater  variability.  Sado  estuary  sites  present 
consistently  higher  levels  of  these  metals  than  the  Mira  estuary.  Bata 
lha  sediments,  in  particular,  show  a  significant  enrichment  in  Mn,  Zn 
and  Cu  (levels  3,  5.5  and  4  times  higher,  respectively,  than  in  the  con 
trol) . 

When  results  are  compared  with  background  levels  of  metals  in  shal 
low  water  sediments  (TABLE  3  ) ,  it  can  be  seen  that  Zn  and  Cu  levels 

at  Batalha  and  Setenave  E  are  considerably  higher  than  those  reported 
for  uncontaminated  sediments.  In  a  general  way,  Cu  levels  in  the  Sado 
estuary  are  4  to  6  times  higher  than  the  background  concentrations. 

The  Cu  levels  on  the  southern  bank  sediments  are  very  similar  to 
those  of  the  northern  bank,  located  near  the  industrial  discharges.  This 
suggests  that  the  Cu  contamination  is  probably  to  be  found  on  the  Cu  ca£ 
ried  by  the  river  from  the  pyrites  mines  area,  rather  than  in  the  nor¬ 
thern  bank  industries. 

However,  comparison  of  our  data  with  measurements  carried  out  bv 
Reboredo  (1988  ,  1984a)  on  the  southern  bank  of  the  Sado  estuary,  show 
lower  Cu  levels,  usually  below  the  background  values  (TABLE  4  ).  Fe 

levels  in  Reboredo' s  work  are  also  much  lower  than  those  reported  in 
the  present  work.  Only  Zn  presents  similar  concentrations. 

On  the  contrary,  Pera  et  al.  (1977)  reported  concentrations  of  Fe, 
Cu  and  Pb  in  the  sediments  of  the  Sado  estuary  (TABLE  5  )  identical 
to  our  data,  but  have  found  much  lower  Zn  concentrations.  Mn  levels  re 
ported  by  Pera  et  al.  (1977)  are  lower  than  those  reported  in  our  stu¬ 
dy,  but  Cd  levels  are  several  times  higher  than  background  values,  con 
trary  to  our  findings. 

It  should  be  kept  in  mind  that  the  grain  size  effects  make  comp£ 
risons  of  heavy  metal  levels  between  different  types  of  sediments  very 
questionable.  If  comparisons  on  a  solid  ground  are  to  be  done,  we  have 
to  resort  to  grain  size  correction  procedures,  that  will  reduce  the  in 
fluence  of  the  fraction  of  the  sediments  that  is  chemically  inert  (coar 
se-grained  quartz,  feldspar  and  carbonates),  and  increase  the  influen¬ 
ce  of  the  substances  active  in  mineral  enrichment  (hydrates,  sulfides, 
amorphous  and  organic  materials)  (Salomons  S  Forstner,  1984;  Forstner 
&  Wittmann,  1983). 
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TABLE  1  -  Total  heavy  metal  concentrations  in  the  sediments  of  Sado  and 
Mira  estuaries.  Values  in  mg  per  Kg  of  sediments  weight;  mean 
of  4  quarterly  determinations.  All  the  values  refer  to  fine 
grained  sediments  except  those  marked  with  *,  which  refer 
to  coarse  sediments. Cd  concentrations  are  usually  below  the  de¬ 
tection  limit  (0.1  ppm) ;  maximum  values  observed  are  shown  in  pa 
renthesis. 


Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

M.  ASNEIRA 

40 

200 

462 

102 

32 

25 

<0.1 

SET.  E 

44 

510 

1  230 

290 

100 

37 

<0.1  (max  05) 

SET.  W 

42 

680 

480 

202 

86 

42 

<0.1  (max0.2! 

MOURISCAS 

43 

540 

686 

199 

82 

22 

<  0.  1 

BATALHA 

50 

720 

1  408 

574 

130 

26 

<  0.1 

ETAR* 

4 

000 

8 

11 

8 

2.3 

<  0.1 

MOURISCAS 

6 

200 

68 

14 

3.2 

0.4 

<  0. 1 

TABLE  2  -  Ratios  of  total  heavy  metal  concentrations  in  the  sediments  of 
Sado  and  Mira  estuaries,  assuming  that  levels  at  Moinho  da  As- 
neira  (control)  are  »  1.00.  The  ratios  were  calculated  only  for 
those  sediments  with  similar  texture.  Ratios  were  not  calcula¬ 
ted  for  Cd  because  concentrations  were  frequently  below  the  d£ 
tection  limit. 


Fe 

Mn 

Zn 

Cu 

Pb 

M.  ASNEIRA 

1.00 

1.00 

1.00 

1.00 

1.00 

SET.  E 

1.11 

2.66 

2.84 

3.12 

1.48 

SET.  W 

1.06 

1.04 

1.98 

2.69 

1.68 

MOURISCAS 

1.08 

1.48 

1.95 

2.56 

0.88 

BATALHA 

1.26 

3.05 

5.63 

4.06 

1.04 
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TABLE  3  -  Background  levels  of  metals  in  sediments  (Salomons  &  Forstner, 
1984) (mg/Kg  dry  weight). 


MEAN 

SHALLOW  WATER 

SUSPENDED  IN  RIVERS 

Fe 

41  000 

65  000 

48  000 

Mn 

770 

850 

1  500 

Zn 

75 

92 

350 

Cu 

33 

56 

100 

Pb 

19 

22 

150 

Cd 

0.17 

1 

TABLE  4  -  Total  heavy  metal  concentrations  (mg/Kg  dry  weight)  in  sedi¬ 
ments  of  the  Sado  estuary.  Sampling  sites  located  on  the 
southern  bank;  the  distance  to  the  estuary  mouth  increases  in 
the  sequence  1,  2,  3  (Reboredo,  1988  ,  1984a). 


SAMPLING  SITE 

YEAR 

Fe 

Zn 

Cu 

1 

1982 

9  170 

56 

15.1 

1983 

5  600 

50 

13.2 

2 

1982 

15  500 

215 

42.6 

1983 

11  230 

201 

32.8 

3 

1982 

18  100 

215 

38.1 

1983 

16  130 

_ 

208 

39.0 

t 

i 
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3.1.2.  Halimione  portulacoides 

The  mean  metal  concentrations  in  Halimione  portulacoides  growing 
in  the  Sado  and  Mira  estuaries  are  presented  in  TABLE  6  .  Data  of  se 

veral  authors  on  heavy  metal  concentrations  in  uncontaminated  freshwa¬ 
ter  and  saltwater  marsh  species,  in  aquatic  plants  in  general,  and  in 
several  agricultural  crops,  are  presented  in  TABLE  8  .  In  TABLE  10 
data  of  previous  samplings  on  Halimione  portulacoides  in  the  Sado  es¬ 
tuary  (Reboredo,  1982  ,  1984b)  are  also  presented. 

Iron 

Fe  levels  in  the  roots  of  Halimione  are  unusually  high.  It  is  po£ 
sible  that  a  significant  part  of  the  Fe  detected  corresponds  to  surfa¬ 
ce-bound,  rather  than  intracellularly  located  metal.  Probably,  the  rin 
sing  procedure  used  was  too  gentle  and  brief  to  remove  the  metals  adso£ 
bed  to  the  root  surface.  Thin  roots,  with  its  very  high  surface/volume 
ratio  would  present,  therefore,  relatively  higher  metal  contents  than 
thicker  roots.  Actually,  the  results  clearly  show  a  rapid  decrease  in 
heavy  metal  content  as  we  go  from  thin  to  thicker  roots. 

Fe  contents  decrease  markedly  in  the  stems  and  raise  again  in  the 
leaves,  as  previously  reported  by  Reboredo  (1982  ,  1984b)  for  the  same 
species.  Fe  concentrations  in  the  leaves  are  usually  between  250  -  750 
ppm,  a  relatively  high  level  when  compared  with  those  reported  for  un¬ 
contaminated  plants  (TABLE  8). 

However,  comparisons  are  rather  difficult,  in  consequence  of  the 
high  variability  of  data.  Considerable  differences  arise  not  only  bet¬ 
ween  sampling  sites,  but  also  between  collection  times  (see  TAB.  10 
where  data  from  Reboredo,  1982  ,  1984b,  are  presented  and  also  show  a 
strong  variability). 

Manganese 

As  it  was  referred  to  Fe  ,  concentrations  of  Mn  in  the  roots  are 
relatively  high  and  decrease  in  the  stems.  Mn  contents  in  the  leaves 
are  usually  higher  than  in  the  stems,  probably  reflecting  the  role  pla£ 
ed  by  this  metal  in  various  metabolic  reactions  taking  place  in  the 
leaf. 

The  Mn  concentrations,  although  highly  variable,  are  within  the 
range  reported  for  uncontaminated  plants  (TABLE  8  ) .  The  only  excep¬ 

tion  are  the  thin  roots,  but  here  the  high  levels  of  Mn  are  probably 
due  to  adsorption  phenomena. 

Mouriscas  and  Batalha  sampling  sites  present  Mn  levels  considers 
bly  higher  than  the  other  sampling  sites. 

Zinc 

Zn  distribution  among  the  different  organs  of  the  plant  follows 
the  pattern  already  depicted  for  the  Fe  and  Mn.  Zn  concentrations  in 
the  leaves  are  comparable  to  those  found  for  uncontaminated  plants  (TA 
BLE  8  ) f  as  well  as  to  those  referred  by  Reboredo  (TABLE  10  )  for 
the  Sado  estuary.  The  plants  growing  at  Batalha  are  an  exception,  show 
ing  considerably  higher  levels  of  Zn  than  in  any  other  of  the  sites  sam 
pled;  their  leaves  present  nearly  130  ppm  Zn,  while  those  of  Moinho  da 
Asneira  (our  control)  present  only  19  ppm. 

Copper 

Cu  levels  in  the  shoot  of  Halimione  portulacoides  are  within  the 
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TABLE  5  -  Total  heavy  metal  concentrations  (mg/Kg  dry  weight)  in  sedi¬ 
ments  of  the  Sado  estuary  (Pera  et  al.,  1977). 


MEAN 

RANGE 

Fe 

31  628 

7  050  -  55  739 

Mn 

268 

51  -  1  000 

Zn 

40 

15  -  918 

Cu 

50 

14  -  110 

Pb 

40 

15  -  75 

Cd 

6 

0-22 

TABLE  6  -  Heavy  metal  concentrations  in  different  organs  of  Ralimione 
portulaaoide3  collected  from  the  Sado  and  Mira  estuaries. 
Mean  of  4  quarterly  determinations.  Values  in  mg  per  Kg  of 
plant  dry  weight.  Ri  thin  roots,  R2  medium-sized  roots,  R3 
thick  roots.  Si  old  stems,  S2  young  stems,  L  leaves. 


Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

R1 

4  096 

286 

146 

35.4 

2.9 

R2 

2  654 

123 

34 

7.2 

2.1 

usually 

MOINHO  DA 

R3 

799 

13 

8 

3.8 

3.8 

<0.1 

njiiL  Itui 

S1 

266 

64 

17 

1.0 

2.0 

(Max.0. 5) 

S2 

242 

84 

26 

3.8 

1.6 

L 

419 

34 

19 

3.0 

0.7 
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TABLE  6  (Cont . ) 


Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

SET.  E 

R1 

3  495 

133 

212 

72.0 

2.2 

usual  ly 

<0.1 

(Max.  3.0) 

R2 

1  156 

59 

50 

14.2 

1.1 

R3 

1  762 

110 

4b 

8.  1 

3.  3 

S1 

505 

38 

18 

4.7 

1.6 

391 

26 

26 

2.6 

2.6 

L 

749 

44 

46 

1.2 

1.2 

SET.  W 

R1 

3  028 

224 

165 

74.2 

3.4 

usually 

<0.1 

(Max.  0. 8) 

R2 

538 

46 

64 

10.  5 

1.0 

R3 

669 

28 

54 

wa 

1.8 

S1 

282 

50 

39 

7.0 

3.2 

S2 

209 

55 

48 

5.4 

1.7 

L 

685 

68 

84 

6.0 

1.2 

R1 

3  960 

198 

418 

110.0 

5.5 

R, 

1  430 

56 

107 

23.9 

3.3 

usually 

MOURISCAS 

R3 

<  0.1 

S1 

614 

42 

26 

4.8 

2.2 

(Max.  0.4) 

S2 

834 

70 

30 

2.7 

0.8 

L 

1  446 

160 

68 

10.0 

1.2 
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TABLE  6  (Cont.) 


Fe  Mn  Zn  Cu  Pb  Cd 

BATALHA 

El 

2  356  987  1  253  126.0  2.5 

usually 

<  0.1 

(Max. 0.7) 

r2 

3  110  265  483  33.2  1.5 

R3 

1  196  196  136  9.8  1.1 

S1 

1  333  105  128  7.8  3.3 

S2 

440  59  88  3.7  0.9 

D 

253  168  130  2.0  1.8 

ETAR 

El 

—  —  —  —  — 

usually 

<  0.1 

(Max. 0. 7) 

r2 

310  29  24  12.6  1.0 

R3 

—  —  —  —  — 

S1 

320  22  22  7.0  1.0 

S2 

130  20  29  3.8  0.6 

a 

337  30  54  1.9  0.6 
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TABLE  9  -  Heavy  metal  concentration  range  and  maximum  concentrations 
in  aquatic  plants  from  polluted  environments  reported  by  s£ 
veral  authors  (quoted  in  Moore  &  Ramamoorthy,  1984  and  For£ 
tner  4  Wittmann ,1983) .  Concentrations  in  mg/Kg  plant  dry 
weight . 


CONCENTRATION 

MAXIMUM 

RANGE 

CONCENTRATION 

Cd 

6-13 

Cr 

50 

140 

Cu 

166  -  600 

1  350 

Hg 

0.07  -  0.80 

9 

Ni 

50  -  700 

Pb 

200  -  1  800 

5  300 

Zn 

100  -  500 

12  300 

TABLE  10  -  Heavy  metal  concentration  in  different  organs  of  Halimicne 
portulaao-ides  growing  in  the  Sado  estuary.  Values  expressed 
as  mg/Kg  dry  weight  *  standard  deviation  (Reboredo,  1982  , 
1984b). 


1982  SAMPLING 

SAMPLING 

SITE 

PLANT 

ORGAN 

Fe 

Cu 

Zn 

Roots 

718.2  *  93.1 

8.3  ±  0.6 

30.5  ±  3.7 

1 

Stems 

154.6  i  19.0 

3.2  ±  0.3 

23.8  *  2.5 

Leaves 

527.3  ±  29.6 

5.4  ±  0.5 

40.0  -  2.5 

Roots 

1  826.1  ±  201 9 

13.0  ±  1.0 

85.1  ±  11.2 

2 

Stems 

919.5  ±  82.6 

3.7  i  0.6 

54. 9  f 10.2 

Leaves 

1321.7  ±  72.7 

6.9  ±  0.8 

62.9  ±  1.2 

TABLL  10  (Cent.) 


1982  SAMPLING 

SAMPLING 

SITE 

PLANT 

ORGAN 

Fe 

Cu 

Zn 

Roots 

1  700.0  ±  78.2 

13.7  ±  2.6 

37.0  -  2.7 

) 

Stems 

791.7  ±41.6 

4.8  ±  0.4 

27.0  ±  2.1 

Leaves 

941.7  ±63.2 

7.6  ±  0.5 

59.0  ±  6.3 

1983  SAMPLING 

SAMPLING 

SITE 

PLANT 

ORGAN 

Fe 

Cu 

Zn 

Roots 

135.2  ±11.5 

8.5  ±  1.0 

30.3  ±  2.7 

1 

Stems 

54.2  ±  8.6 

5.5  -  1.0 

17.6  ±  3.1 

Leaves 

82.0  ±  8.2 

7.5  ±  1.1 

38.3  -  1.4 

Roots 

264.0  ±  29.5 

10.8  ±  1.6 

76.8  ±  8.3 

2 

Stems 

93.1  -  16.5 

4.5  -  1.5 

50.1  -  8.0 

Leaves 

149.6  -  25.5 

9.1  -  0.8 

83.5  -  10.7 

Roots 

1  185.0  -  218.1 

12.6  -  1.6 

107.5  -  17.1 

3 

Stems 

171.1  -  28.0 

7.8  ±  2.0 

60.3  -  11.1 

Leaves 

266.1  -  17.3 

15.3  ±  1.9 

104.6  -  14.1 

I 
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lower  part  of  Che  concentration  range  reported  for  uncontaminated 
plants.  Contrary  to,  Fe,  Mn  and  Zn,  the  Cu  levels  in  the  leaves  are 
usually  lower  than  those  measured  in  the  stems. 

Lead 

The  distribution  pattern  of  Pb  in  the  tissues  of  Halimione  is  ir 
regular,  but  the  lower  levels  are  usually  recorded  in  the  leaves.  The 
Pb  levels  measured  don't  differ  significantly  between  the  sampling  si¬ 
tes  and  are  usually  comparable  to  those  referred  to  non-polluted  situa 
tions  (TABLE  8) . 

Cadmium 

Usually,  Cd  was  below  the  detection  limit  (0.1  ppm). 

Relationship  Between  Sediment  and  Plant  Metal  Concentrations 

Cu  is  the  only  metal  measured  in  the  Sado  estuary  that  registered 
concentrations  considerably  above  those  reported  for  uncontaminated  si 
tuations  (4-6  times  higher  than  the  background  values).  However,  chose 
relatively  high  levels  of  Cu  are  not  reflected  in  Halimione  portulacoi_ 
dea  organs  (TABLES  6  and  7  ),  where  Cu  contents  are  relatively 

low,  even  when  compared  with  the  plants  of  uncontaminated  sites. 

These  results  agree  with  those  of  Simmers  et  al.  (1981),  that  re 
ported  that  heavy  metal  concentrations  in  marsh  plants  ( Spartina  alter_ 
ni  flora  wACyperus  e3culentus )  in  natural  stands  were  quite  similar  to 
concentrations  observed  in  plants  collected  from  contaminated  dredged- 
-material  disposal  sites  and  in  plants  grown  in  contaminated  sediments 
in  the  greenhouse. 

In  the  particular  case  of  Cu,  several  authors  (Bjerre  4  Schierup, 
1985b;  Burton  et  al.,  1984;  Hardiman  et  al.,  1984;  Sanders  etal.,  1986) 
refer  the  high  affinity  of  Cu  to  the  organic  matter  of  the  soil.  Cu 
forms  highly  stable  complexes  with  organic  matter  in  general,  and  hu¬ 
mic  acids  in  particular.  Therefore,  its  bioavailability  is  greatly  re¬ 
duced,  especially  for  plants  growing  in  soils  with  high  organic  matter 
content  (Bjerre  4  Schierup,  1985a;  Smilde,  1981;  Kiekens  et  al.,  1984). 

The  complexation  of  Cu  by  soil  organic  matter  is  only  an  example 
of  the  multiple  factors  that  control  metal  availability  to  plants.  Me¬ 
tal  uptake  by  plants  is  conditioned  by  soil  composition,  texture,  ca¬ 
tion  exchange  capacity,  pH,  redox  potential,  organic  matter  content  and 
type,  etc.  Therefore,  total  heavy  metal  concentrations  in  the  soil  are 
not  necessarily  related  to  plant  metal  concentrations.  This  is  particu 
larly  valid  for  metals  as  Fe  and  Mn,  which  are  present  in  the  soil 
mainly  in  non-available  forms. 

In  sediments  located  in  the  intertidal  zone  of  estuaries,  the  com 
plex  interplay  of  factors  that  conditions  metal  bioavailability  is  pejr 
turbed  by  the  effects  of  periodic  flooding. 

This  additional  factor  influences  metal  availability  in  an  indi¬ 
rect  and  complex  manner,  the  overall  result  being  a  higher  plant  upta¬ 
ke  of  metals  in  the  drier  upland  conditions,  than  in  the  sediments  sub 
ject  to  more  reducing  conditions,  in  the  lower  level  of  the  intertidaT 
zone  (Folsom  et  al.,  1981).  This  effect  must  be  taken  into  account  when 
comparing  metal  uptake  in  plants  that  occupy  different  levels  in  the  in 
tertidal  zone,  as  is  the  case  with  Halimione  portulaaoides  (upper  le~ 
vel)  and  Spartina  maritima  (lower  level). 
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3.1.3.  Estuarine  Waters 


The  heavy  metal  concentrations  determined  for  the  Sado  and  Mira 
estuaries  are  presented  in  APPENDIX  G-l.  It  is  difficult  to 
draw  conclusions  from  these  data  because  it  was  not  possible  to  carry 
out  the  rest  of  the  samplings.  Besides  this,  the  last  quarter  of  1987 
(when  the  samples  were  collected)  registered  exceptionally  high  preci¬ 
pitation  values.  In  view  of  this,  credibility  of  data  is  very  reduced. 


3.2. Pyrites  Mines  Zone 


3.2.1.  Holm-oak  Trees 

Heavy  metal  concentrations  in  holm-oak  plant  material  from  the 
pyrites  mines  zone  are  presented  in  TABLE  11.  It  can  be  clearly  seen 
that  Aljustrel  and  Lousal  plants  show  very  high  metal  concentrations  . 
The  leaves  present  levels  of  Fe,  Mn,  Zn,  Cu  and  Pb, respectively  13,  8, 
18,  31  and  78  times  higher  at  Aljustrel  than  in  the  controls  (TABLE  12). 
Holm-oaks  at  Lousal  have  lower  levels  of  metal  in  the  leaves,  but  pre¬ 
sent,  nevertheless,  severe  heavy  metal  contamination:  the  levels  of  Fe, 
Mn,  Zn,  Cu  and  Pb  are  respectively  3,  8,  16,  4  and  50  times  higher  than 
in  the  control.  Cd  was  usually  below  the  detection  limits  (0.1  ppm)  in 
the  holm-oak  leaves  from  the  control  site  and  from  Lousal,  but  appears 
at  relatively  high  concentrations  (2.2  ppm)  in  the  Aljustrel  plants. 

Holm-oak  twigs  and  acorns  collected  at  Aljustrel  also  show  hea¬ 
vy  metal  accumulation.  Although  the  metal  contents  of  twigs  are  lower 
than  in  the  leaves,  they  are  clearly  beyond  the  usual  values  in  non- 
-contaminated  plants  (TABLE  8),  for  all  the  metals  measured. 

Acorns  present  metal  levels  usually  lower  than  those  recorded  on 
leaves  and  twigs,  but  still  very  high:  when  compared  with  control 
plants,  Aljustrel  acorns  show  metal  enrichment  of  8,  5,  20  and  20  ti¬ 
mes,  for  Fe,  Mn,  Zn  and  Cu,  respectively.  Pb  presents  a  concentration 
of  28.7  ppm  and  in  Aljustrel  acorns,  whilst  it  is  below  the  detection 
limit  in  control  plants.  Cd  was  below  the  detection  limit  in  both  si¬ 
tes. 

Metal  accumulation  in  acorns  presents  a  serious  heal  t'c  hazard  , 
because  those  fruits  are  consumed  by  the  local,  population.  Besides  the 
direct  fruit  consumption,  the  human  population  is  also  subject  to  me¬ 
tal  intake  through  the  consumption  of  pork,  because  acorns  usually 
constitute  a  major  part  of  pig's  diet  in  Alentejo. 

Pb,  in  particular,  poses  a  major  health  threat:  the  concentra¬ 
tion  of  this  metal  in  acorns  at  Aljustrel,  reaches  28.7  ppm,  while  the 
limit  permitted  by  the  American  Medical  Association  in  foodstuffs  is  2 
ppm  (Boudene,  1978).  It  should  be  noted  that  this  author  considers  the 
2  ppm  limit  too  high,  and  recomends  that  the  maximum  acceptable  limit 
for  Pb  in  foodstuffs  should  be  0.5  ppm.  Therefore,  Pb  levels  in  the 
acorns  of  Aljustrel  are  14-56  times  higher  than  recomended  by  health 
authorities . 

The  high  contents  of  heavy  metal  measured  in  holm-oak  trees  from 
the  pyrites  mines  area  are  expected  to  have  negative  effects  on  plant 
physiology  and  biochemistry.  Howeler  (1983)  refers  that  toxicity  ef¬ 
fects  begin  to  appear  when  Fe  concentrations  in  the  leaves  exceed  200 
ppm  (TABLE  13) ,  while  Aljustrel  plants  present  2  575  ppm  Fe  in  the  le£ 
ves.  The  range  reported  by  the  same  author  for  Mn  toxicity  is  200- 
-2  500  ppm,  while  Aljustrel  and  Lousal  plants  have  Mn  contents  near 
1  300  ppm  in  the  leaves.  Smilde  (1981)  reported  that  the  critical  Zn  te 
vel  in  the  leaves  of  Populua  americcma,  beyond  which  growth  inhibition 
occurs  is  300  ppm,  while  the  pyrites  mines  holm-oaks  present  near  400 
ppm  of  Zn.  Van  Assche  &  Clijsters  (1986a,  1986b)  reported  that  leaf  con 
tents  of  450  ppm  Zn  inhibed  the  photosynthetic  electron  transport  and 
the  ribulose-1, 5-biphosphate  carboxylase  activity,  in  Phaseolua  vulga- 
ria.  Cu  concentrations  in  holm-oak  leaves  at  Aljustrel  (but  not  at  Lou 
sal)  are  also  near  the  threshold  where  toxicity  effects  begin  to  ap- 


32 


TABLE  11  -  Heavy  metal  concentrations  in  leaves,  acorns  and  twigs  cf  holm 
-oak  ( Queraus  rotundi folia)  collected  from  an  uncontaminated 
area  (control)  and  from  sites  near  the  pyrites  mines  of  Al- 
justrel  and  Lousal.  Heavy  metal  concentrations  expressed  as 
mg/Kg  dry  weight;  mean  of  4  quarterly  samples,  except  for 
holm-oak  acorns,  that  are  an  average  of  2  samplings. 


SITE 

ORGAN 

Fe 

Mr. 

Zn 

Cu 

Pb 

Cd 

CONTROL 

Leaves 

198 

16  1 

23 

3.5 

1.0 

<0.1 

Acorns 

72 

/  / 

6 

2.5 

1.0 

<  0.1 

Leaves 

2  575 

1  392 

428 

109.5 

78.  1 

2.22 

ALJUSTREL 

Acorns 

595 

8  36 

117 

48.9 

28.7 

<  0.1 

Twigs 

981 

72b 

396 

55.0 

17.9 

2.75 

LOUSAL 

Leaves 

676 

1  280 

370 

14.5 

50.0 

<  0.  1 

TABLE  12  -  Ratios  of  heavy  metal  concentrations  in  holm-oak  leaves  and 
acorns  collected  at  Aljustrel  and  Lousal,  assuming  that  con¬ 
trol  levels  =  1.00  . 


ORGAN 

SITE 

Fe 

Mn 

Zn 

Cu 

Pb 

CONTROL 

1.00 

1. 00 

1.00 

1.00 

1.00 

LEAVES 

ALJUSTREL 

13.00 

<r 

lA 

00 

18.61 

31.29 

78.00 

LOUSAL 

3.41 

7.85 

16.09 

4.14 

50.00 

ACORNS 

CONTROL 

1.00 

1.00 

1.00 

1.00 

1.00 

ALJUSTREL 

8.26 

5.01 

19.50 

19.56 

9.56 
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TABLE  13  -  Heavy  metal  levels  in  the  leaves  (mg/Kg  dry  weight)  at  which 
toxicity  effects  begin  to  appear  in  several  agricultural  crops 
(Howeler,  1983). 

Cu  15-50 

fe  200 

Ml  200-2  500 

Si  100  -1  500 


TABLE  14  -  Heavy  metal  concentrations  in  rush  ( Junaus  aonglornevatus) and 
sediments  collected  from  an  effluent  ditch  at  Lousal  mines. 
All  values  in  mg/Kg  dry  weight.  The  sediment  values  refer  to 
total  concentrations.  Mean  of  4  quarterly  determinations. 


Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

SEDIMENT 

353  750 

27 

445 

588 

551 

<0.1 

RUSH  (Root) 

72  710 

38 

105 

1  251 

50 

4.2 

RUSH  (Shoot) 

4  070 

126 

120 

22.6 

8 

<  0.1 

pear  (see  TABLE  13).  Pb  concentrations  in  holm-oak  leaves  from  Aljus 
trel  are  near  the  level  at  which  Rebechini  &  Hanzely  (1974)  observed 
striking  changes  in  chloroplast  fine  structure,  in  the  hydrophyte  Cera_ 
tophyllum  demersum. 

Actually,  the  holm-oaks  at  Aljustrel  and  Lousal  presented  visi¬ 
ble  signs  of  stress:  the  trees  usually  presented  stunted  growth  and 
considerably  altered  leaves.  These  were  much  smaller  than  usual  and 
presented  malformations  and  necrotic  spots. 

Several  factors  must  be  taken  into  account  when  comparing  metal 
contents  in  holm-oaks  from  Aljustrel,  Lousal  and  the  control  site: 

1  -  Although  the  plant  material  was  washed  prior  to  heavy  metal 
analyses,  a  considerable  fraction  of  the  metal  may  have  remained  adsor 
bed  on  the  leaf  surface.  The  fraction  of  adsorbed  metal  has,  probably, 
a  high  importance  in  holm-oak,  because  the  lower  side  of  the  leaves  pre 
sentsan  extremely  dense  cover  of  hairs  (see  APPENDIX  H) .  These  hairs 
probably  retain  a  large  amount  of  airborne  particles  including  metals. 
This  phenomenon  is  likely  to  have  more  importance  in  Aljustrel  trees 
(see  below). 

2  -  The  main  source  of  contamination  is  probably  different  at 
Aljustrel  and  Lousal:  at  Aljustrel,  plants  are  subject  mainly  to  air¬ 
borne  contamination,  because  they  are  located  near  the  pyrites  ore  drejs 
sing  instalation.  In  these  conditions,  it  is  likely  that  a  great  amount 
of  heavy  metal  is  absorbed  directly  by  the  shoot.  However,  this  does 
not  exclude  root  uptake  of  metals  that  are  deposited  on  the  soil  and 
leached  down  through  the  soil  profile.  At  Lousal,  the  plants  sampled 
were  growing  near  an  effluent  ditch,  and  farther  from  the  mine  works 
than  those  of  Aljustrel,  hence  it  is  expected  that  the  major  fraction 
of  heavy  metals  is  absorbed  through  the  roots. 

3.2.2.  Junaus  cong  lot-, era  tus 

Sediment  and  rush  (.Junaus  conglomerate )  samples  collected  near 
one  of  the  mine  effluent  ditches  at  Lousal,  present  exceedingly  high 
levels  of  metals  (TABLE  14). 

Fe,  Cu  and  Pb  levels  in  the  sediments  are  several  times  higher 
than  the  background  levels.  Zn  is  also  present  in  high  concentrations, 
although  its  enrichment  factor  in  relation  to  background  concentrations 
in  sediments  is  lower  than  that  for  Fe,  Cu  and  Pb.  Cd  is  below  the  de¬ 
tection  limit.  Mn,  unexpectedly,  is  several  times  lower  than  the  back¬ 
ground  values. 

The  high  level  of  Fe  in  the  soil  is  reflected  in  Juncus  roots  , 
that  present  72  700  ppm  Fe,  a  strikingly  high  level,  even  admitting 
that  possibly  part  of  the  metal  measured  is  adsorbed  to  the  root  sur¬ 
face  as  reported  by  Crowder  &  Macfie  (1986).  These  authors  observed  fer 
ric  hydroxide  deposition  on  the  roots  of  several  wetland  species  (  Ty- 
pha  latifolia,  Carex  vostrata  and  Phragmites  australis').  McLaughlin  et 
al.  (1985),  cited  in  Crowder  &  Macfie  (1986),  refer  that  iron  plaques 
can  form  up  to  8%  of  total  root  dry  weight  and  up  to  90%  of  root  Fe.  It 
is  possible  that  the  washing  procedure  utilized  removed  only  partially 
the  Fe  adsorbed  to  Junaus  roots. 

Iron  plaques  are  formed  in  wetland  species  that  develop  aeren- 
chyma  in  their  roots  and  leak  oxygen  into  the  substrate.  The  excess  oj^ 
gen  can  oxidize  Fe^+  to  Fe^+,  and  ferric  hydroxide  may  then  be  depos_i 
ted  either  on  the  root  surface  as  plaque,  or  as  a  halo  in  the  soil 
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around  the  root,  visible  as  a  reddish  brown  deposit  (Crowder  &  Macfie  , 
1986).  These  reddish  brown  deposits  were  often  observed  around  Halimio_ 
ne  roots  in  our  study,  hence  it  is  possible  that  part  of  the  high  Fe 
concentrations  measured  in  the  root  of  these  species  are  attributable 
to  iron  plaques  formation. 

Cu  levels  in  Juncua  roots  are  also  very  high  (1  250  ppm)and  cot 
parable  to  the  maximum  values  of  plant  Cu  contents  that  we  have  found 
in  literature  (TABLE  9):  1  350  ppm  Cu  reported  by  Stenner  &  Nickless 
(1975)  (quoted  by  Forstner  &  Wittmann,  1983),  in  Zooatera  sp.  (Potamo- 
getonaceae),  in  the  estuary  of  Rio  Tinto,  Spain, a  zone  also  contaminated 
with  mine  effluents. 

While  Cu  reveals  certain  degree  of  accumulation  in  the  roots  , 
when  compared  with  the  sediment  concentration,  Pb,  on  the  other  hand, 
seems  to  be  efficiently  excluded  from  the  roots  —  Pb  concentration  in 
the  roots  is  11  times  lower  than  in  the  sediments. 

On  the  contrary,  Cd,  although  below  the  detection  limits  (0.1 
ppm)  in  the  sediments,  appears  in  the  root  in  relatively  high  concents 
tions  (4.2  ppm). 

When  shoot  and  root  data  are  compared,  a  remarkable  trend  be¬ 
gins  to  emerge:  Fe,  Cu,  Pb  and  Cd  concentrations  are  several  times  lo¬ 
wer  in  the  shoot  than  in  the  root.  It  seems,  thus,  that  the  plant  pre¬ 
vents  translocation  of  metals  from  the  root  to  the  shoot,  but  only  of 
those  that  are  present  in  excess  concentrations  —  on  the  other  hand  , 
Mn,  that  was  present  in  the  soil  in  low  concentrations,  was  accumulated 
in  the  shoot. 

Thus,  despite  the  highly  unbalanced  metal  composition  of  the 
soil,  the  plant  manages  to  attain  metal  concentrations  in  the  shoot 
that  are  not  far  from  the  levels  reported  for  non-contaminated  plants 
(except  for  Fe  that  is  present  in  concentrations  of  4  000  ppm  in  the 
shoot),  this  indicates  a  high  selectivity  in  metal  uptake  and  translo¬ 
cation,  which  is  vital  for  plants  living  in  such  environments. 

Cu  concentrations,  in  particular,  decrease  nearly  55  times  from 
the  root  to  the  shoot.  Lepp  et  al.  (1984),  investigating  Cu  accumula 
tion  in  plants  growing  in  soils  containing  110-1  500  ppm  Cu,  also  re¬ 
ported  that  Cu  accumulation  in  the  roots  was  associated  with  much  lo¬ 
wer  Cu  concentrations  in  the  stems. 

It  is  possible  that  Cu  retention  in  the  roots  of  Juncus  conglo 
meratus  is  due  to  the  presence  of  Cu-thioneins ,  reported  by  several  a£ 
thors  (Rauser  &  Curvetto,  1980;  Lolkema  et  al.,  1984;  Tukendorf  et  aL 
1984;  Tukendorf  S  Baszyfiski ,  1985;  Tukendorf,  1987)  has  being  responsi¬ 
ble  for  Cu-binding  in  the  roots  of  plants  exposed  to  an  excess  of  this 
highly  toxic  metal.  In  this  manner,  the  shoot  is  protected  against  the 
deleterious  effects  of  excess  Cu.  Cu  toxicity  gives  rise  to  a  wide  rati 
ge  of  effects,  including  inhibition  of  photosystems  I  and  II  (Uribe  & 
Stark,  1980),  chlorophyll  synthesis  (Stiborova  et  al.,  1985),  phospho- 
enolpyruvate  carboxylase  activity  (Stiborova  &  Leblova,  1985;  Iglesias 
A  Andreo,  1984)  and  ribulose-1, 5-biphosphate  carboxylase  activity  (Stj^ 
borova  et  al.,  1985),  peroxidation  of  membrane  lipids  (Mattoo  et  al.  , 
1985,  1986),  and  so  on.  Some  of  these  effects  occur  at  Cu  concentr£ 
tions  in  the  shoot  only  slightly  higher  than  the  physiological  levels 
normally  found  in  the  plant.  Therefore,  Cu  retention  in  the  roots  is 
an  extremely  important  defense  mechanism  against  Cu  toxicity. 
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3.2.3.  Cystus 

Cystus  collected  at  Aljustrel,  near  the  holm-oaks,  presented 
consistently  lower  metal  concentration  than  the  trees.  Only  Zn  concen¬ 
tration  were  slightly  higher  in  cystus  than  in  holm-oak.  Nevertheless, 
heavy  metal  concentrations  observed  in  cystus  are  still  clearly  above 
the  natural  levels  and  close  to  the  critical  limits  where  metal  toxici 
ty  effects  are  reported  to  appear.  This  is  particularly  true  for  Fe 
and  Zn  (see  TABLE  15). 

3.2.4.  Eucalypls 

Surprisingly,  heavy  metal  contents  measured  in  eucalypts  ( Euoa 
lyptus  globulus)  growing  near  an  effluent  ditch  at  Lousal  mines  (TABLE 
15),  in  the  same  conditions  as  holm-oak  trees,  are  relatively  low,  when 
compared  with  the  latter. 

Comparison  of  our  data  with  natural  heavy  metal  contents  in  eu 
calypt  leaves  (TABLE  16)  reported  by  Gonzalez  &  Bergqvist  (1986),  show 
that  the  Cu  levels  at  Lousal  are  several  times  lower,  Zn  levels  are  si 
milar  and  only  Pb  levels  are  higher  than  the  background  values.  Among 
the  metals  measured,  only  Mn  is  present  in  concentrations  near  the  va¬ 
lues  reported  to  have  deleterious  effects  (TABLE  13). 

3.2.5.  Effluents  and  River  Waters 

Effluent  and  river  water  heavy  metal  concentrations  are  presen¬ 
ted  in  APPENDIXES  G3  and  G4.  As  it  was  referred  to  estuarine  water  sam 
pling,  it  is  difficult  to  draw  conclusions  from  single  measurements, 
especially  when  they  coincide  with  a  period  of  exceptional  meteorology 
cal  conditions.  Notwithstanding,  the  measurements  of  mine  effluent  dijs 
charges  at  Lousal  and  Aljustrel  clearly  show  exceedingly  high  metal 
concentrations. 

If  metal  concentrations  are  substantially  decreased  or  not,  be¬ 
fore  reaching  the  Sado  river,  by  processes  of  dilution,  adsorption  on 
solid  particles,  precipitation,  etc.,  remains  to  be  seen.  However,  it 
is  expected  that  important  precipitation  processes  will  occur  along  the 
water  courses,  as  the  extremely  acid  pH  of  mine  effluents  (near  2.5  ) 
is  increased,  thus  lowering  metal  solubilities. 

Definitive  conclusions  can  only  be  attained  through  more  de¬ 
tailed  studies  of  heavy  metal  determinations,  under  different  meteoro¬ 
logical  conditions. 
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TABLE  15  -  Heavy  metal  concentrations  (mg/Kg  dry  weight)  in  cystus  (Cys_ 
tua  sp.)  and  eucalyptus  (Eucalyptus  globulus)  plant  material 
collected'  near  the  pyrites  mines  of  Aljustrel  and  Lousal. 
Mean  of  4  quarterly  samples. 


PLANT 

SITE 

ORGAN 

-  ■— 

Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

Cystus 

Aljustrel 

Stems 

1  098 

242 

236 

71.0 

12.6 

B 

Leaves 

1  869 

335 

438 

75.0 

7.6 

■ 

Eucalypt 

Lousal 

Leaves 

192 

516 

28 

3.2 

14.5 

<0.1 

TABLE  16  -  Heavy  metal  content  (mg/Kg  dry  weight)  in  adult  leaves  of  eii 
calypts  (Eucalyptus  globulus)  from  natural  (mean  values)  and 
industrialized  areas  (maximum  values)  in  the  Chile  coast. 
(Gonzalez  &  Bergqvist,  1986). 


NATURAL 

(MEAN) 

HEAVILY  INDUSTRIALIZED 
(MAX.) 

Cd 

0.05 

1.5 

Cu 

67.5 

856.4 

Mo 

0.2 

8.5 

Pb 

20.0 

111.0 
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4.  CONCLUSIONS  AND  RECOMENDATIONS 


The  Sado  estuary  sediments  present  a  considerable  enrichment 
in  some  heavy  metals,  namely  Zn  and  Cu.  Cu  concentrations,  in  particu¬ 
lar  are  4-6  times  higher  than  the  background  values  reported  for  uncon 
taminated  shallow  water  sediments. 

However,  those  relatively  high  levels  of  Cu  in  sediments  are 
not  reflected  in  7 alimione  portulaaoides  tissues.  Usually  the  metal 
levels  recorded  in?,  povtulacoidee  are  within  the  concentration  range 
reported  for  plants  growing  in  non-polluted  areas.  Fe  is  the  only  ex¬ 
ception,  presenting  relatively  high  levels  which  reach  250-750  ppm  in 
the  leaves.  Roots,  and  especially  thin  roots,  often  show  high  metal  le 
vels,  but  those  are  possibly  imputable,  at  least  partially,  to  metal 
adsorption  to  these  organs. 

In  spite  of  the  several  potential  contamination  sources  located 
on  the  northern  bank  of  the  estuary,  no  metal  accumulation  attributa¬ 
ble  to  anthropogenic  pollution  was  recorded  in  the  salt  marsh  plants 
analysed,  neither  on  the  northern  nor  on  the  southern  bank  of  the  es¬ 
tuary. 

In  the  pyrites  mines  zone,  very  high  levels  of  metals  were  ob¬ 
served  in  the  leaves  and  acorns  of  holm-oak  trees  growing  near  the  mi¬ 
ne  works.  The  leaf  contents  of  some  metals  are  near  the  values  usually 
reported  as  having  negative  effects  on  plant  physiology  and  biochemis¬ 
try.  The  plants  sampled  showed  usually  stunted  growth  and  several  mal¬ 
formations,  that  are  possible  symptoms  of  metal  toxicity. 

The  high  metal  contents  of  acorns  may  constitute  a  serious 
risk  to  human  health,  due  to  the  direct  consumption  of  this  fruit  by  lo¬ 
cal  population  and  to  indirect  metal  intake  via  the  consumption  of  pork 
(pigs  often  feed  on  acorns).  Pb  levels  in  acorns  (28  ppm)  are  particu¬ 
larly  troublesome,  being  several  times  above  the  acceptable  limits  imp£ 
sed  by  health  authorities. 

Extensive  heavy  metal  measurement  should  be  carried  out,  in  or 
der  to  assess  the  area  of  influence  of  airborne  metal  pollution  arising 
from  the  pyrites  mines.  In  the  area  identified  as  presenting  high  le¬ 
vels  of  metals  in  acorns,  their  consumption  should  be  prohibited. 

Rush  ( Junaus  conglomevatus)  roots  and  sediments  collected  from 
an  effluent  ditch  at  Lousal  mines  presented  extremely  high  metal  con¬ 
tents.  However,  the  metal  concentrations  in  the  shoot  of  J.  conglomera¬ 
te  were  well  within  the  range  reported  for  non-contaminated  species  . 
Obviously,  J.  conglomevatus  possesses  effective  mechanisms  that  prevent 
toxic  metals  from  reaching  the  shoot.  These  mechanisms  clearly  deserve 
further  studies:  roots  should  be  analysed  for  the  presence  of  "metallo- 
-thionein-like"  proteins  and  sites  of  metals  accumulation  at  the  cellu¬ 
lar  level  should  beidentifyed  by  microprobe  X-ray  analysis. 

Heavy  metal  determinations  in  the  Sado  estuary  and  in  the  pyri_ 
tes  mines  zone  were  not  carried  out  with  the  periodicity  required  for 
drawing  definitive  conclusions.  However,  the  mine  effluents  that  are 
discharged  directly  into  the  creeks,  without  any  sort  of  treatment,  at 
Aljustrel  and  Lousal,  clearly  present  extremely  high  metal  concentra¬ 
tions.  Periodic  measurements  on  the  Roxo  and  Corona  creeks,  and  along 
the  Sado  river  are  required  in  order  to  assess  the  degree  of  contamina¬ 
tion  of  river  waters.  The  irregularity  of  flow  and  composition  of  mine 
effluents  and  of  river  discharge  requires  that  intensive  sampling  is  car 


ried  out  under  different  meteorological  conditions,  until  a  coherent 
overall  picture  can  be  obtained. 

Finally,  we  must enphasize  the  need  for  a  standardization  of  a 
thods  and  sampling  conditions,  within  the  realm  of  heavy  metal  re 
search.  Without  this  standardization/ comparison  of  data  from  diffe¬ 
rent  sources  remains  very  questionable,  due  to  the  high  variability  of 
procedures  utilized  by  different  authors. 

The  area  requiring  more  stringent  standardization  is  soil  hea¬ 
vy  metal  analysis.  "Extractable"  heavy  metals,  in  particular,  are  de¬ 
termined  through  a  great  diversity  of  procedures, that  provide  complete 
ly  different  results.  It  is  urgent  to  adopt  (or  develop)  rapid  and  ef¬ 
ficient  method  of  soil  heavy  metal  extraction  that  would  correlate  with 
the  metals  actually  available  for  plant  uptake. 
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APPENDIX  A  -  Photographs  of  the  Collection  Sites. 


Fig.  A1  -  Salt  marsh  at  the  Sado  estuary,  near  Setenave  W  sampling  site. 

Spartina  maritima  can  be  seen  in  the  lower  zones  and  Arthrocne. 
num  perenne  and  iaiimtone  porvuiacoides  occupy  the  upper  zones. 


Lg„  A2  -  Salt  marsh  at  the  Sado  estuary,near  Setenave  E  sampling  site, 
with  the  Setenave  shipyards  on  the  background. 


Fig.  A3  -  Salt  marsh 
at  the  Sado  estuary, 
near  Setenave  E  sam¬ 
pling  site.  Pollution 
arising  from  Portucel 
paper  mill  visible  on 
the  background. 

Fig.  A4  -  Jur.aus  oon- 
glomeratw*  stand  near 
an  effluent  outflow 
at  Lousal  mines. 


APPENDIX  B  -  Total  heavy  metal  concentrations  in  the  sediments  of  Sado  and 
Mira  estuaries.  Values  in  mg  per  Kg  of  sediment  dry  weight.  1, 
2,  3,  4:  Quarterly  sample  collections.  X:  Mean  of  the  four  sam 
pies.  The  sediments  are  fine  grained,  except  those  marked  with 
*,  that  are  coarse  grained. 
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APPENDIX  C-l- Heavy  met'al  concentrations  in  different  organs  of  Halimiorie  per 
tulacoides  collected  from  the  Sado  and  Mira  estuaries.  Values 
expressed  in  mg/kg  of  plant  dry  weight.  1,  2,  3,  4:  Quartely 
sample  collections.  X:  Mean  of  the  four  samples. 
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APPENDIX  D  -  Heavy  metal  concentrations  in  different  organs  of  holm- 
-oak  trees  from  uncontaminated  and  contaminated  areas  (mg / 
/Kg  dry  weight).  1,  2,  3,  4:  quarterly  sample  collections. 
X:  Mean  of  the  4  samples. 


LEAVES 


ACORNS 


LEAVES 


ACORNS 


Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

213 

159 

20 

3.8 

SB 

<0.1 

165 

139 

19 

2.5 

0.7 

<0.1 

170 

169 

35 

ESI 

m 

<0.1 

244 

185 

18 

5.0 

0.8 

<0.1 

198 

163 

23 

3.5 

1.0 

<0.1 

69 

85 

8 

1.9 

3.0 

<0.1 

* 

it 

* 

* 

* 

* 

* 

it 

* 

* 

* 

* 

75 

69 

4 

3.1 

3.0 

<0.1 

72 

77 

6 

2.5 

3.0 

<  0.1 

— 

3289 

1150 

658 

181.0 

28.2 

1.85 

2549 

1140 

596 

132.0 

23.3 

2.60 

3279 

2856 

295 

87.7 

176.0 

2.53 

1182 

420 

164 

37.4 

85.0 

1.92 

2575 

1392 

428 

109.5 

78.1 

2.22 

660 

343 

140 

56.0 

27.0 

<  0.1 

595 


386 


117  48.9  28.7 


1 


APPENDIX  D  (Cont.) 


Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

ALJUSTREL 

TWIGS 

1 

1016 

646 

298 

50.0 

17.6 

2.40 

2 

946 

805 

497 

60.0 

18.2 

3.10 

3 

989 

770 

400 

59.0 

18.0 

2.60 

n 

973 

682 

392 

51.0 

17.8 

2.90 

X 

981 

726 

396 

55.0 

17.9 

2.75 

LOUSAL 

1 

684 

1120 

390 

17.1 

40.6 

<  0.1 

2 

780 

1175 

335 

16.8 

53.1 

<0.1 

LEAVES 

3 

650 

1335 

310 

10.3 

59.0 

<0.1 

4 

590 

1490 

445 

13.8 

67.3 

<  0.1 

X 

676 

1280 

370 

14.5 

50.0 

<  0.1 

*  Acorns  were  not  collected  because  holm-oaks  don't  bear  fruit  at  this 
time  of  the  year. 
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APPENDIX  E  -  Heavy  metal  concentrations  (mg/Kg  dry  weight)  in  cystus  and 
eucapyptus  growing  near  the  pyrites  mines  of  Aljustrel  and 
Lousal. 


Fe  Mn 


Cu  Pb 


:  CYSTUS 
!  (ALJUSTREL) 


|  EUCALYPTUS 
;  (LOUSAL) 


1 

1187 

260 

279 

60 

17.8 

1.95 

2 

1133 

251 

235 

81 

5.6 

2.10 

3 

1050 

252 

233 

80 

9.0 

2.05 

4 

1022 

205 

197 

63 

18.0 

1.30 

X 

1098 

242 

236 

71 

12.6 

1.85 

1 

1957 

320 

379 

69 

9.8 

1.60 

2 

1659 

336 

398 

67 

7.0 

1.25 

3  1740 


2120 


X  1869 


.2  2.20 


6. 


.6  1.60 


213 

538 

30 

4.6 

15 

8 

<  0.1 

90 

679 

12 

3.0 

16 

0 

<  0.1 

295 

352 

45 

1.8 

13 

0 

<  0. 1 

X 


92  516 


28 


3.2 


14.5 


APPENDIX  F  -  Heavy  metal  concentrations  near  an  effluent  outlow  at  Lou- 
sal  mines:  effluent,  sediment  and  rush  (  J.  aonglomeratus). 
All  values  expressed  in  ppm.  Those  relative  to  sediments  and 
plant  material  are  referred  to  dry  weight.  Effluent  values 
are  referred  to  total  ("dissolved"+  particulate)  heavy  me¬ 
tals.  Soil  values  are  also  referred  to  total  heavy  metals. 

1,  2,  3,  4:  quarterly  sample  collections.  X:  Mean  of  the 
4  samples. 


1 

Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

EFFLUENT 

1 

362.00 

5.90 

35.90 

10.2 

0.03 

0.03 

l 

319.350 

31 

425 

550 

531.5 

<0.1 

2 

360.320 

25 

408 

529 

538.0 

<  0.1 

SEDIMENT 

3 

326.600 

21 

446 

601 

526.0 

<0.1 

1 

* 

408.730 

31 

501 

672 

608.5 

<0.1 

! 

X 

353.750 

27 

445 

588 

551.0 

<  0.1 

j 

1 

66.390 

33 

97 

1194 

56.0 

2.8 

i 

2 

76.050 

31 

118 

1420 

43.2 

5.6 

|  RUSH 

(ROOT) 

3 

63.400 

45 

89 

1223 

53.0 

■B 

l 

4 

85.000 

43 

116 

1167 

47.8 

mm 

X 

72.710 

38 

105 

1251 

50.0 

4.2 

1 

4.062 

112 

135 

23.1 

7.8 

jfjjfll 

2 

3.798 

120 

130 

20.6 

8.6 

<  0.1 

RUSH 

(SHOOT) 

3 

4.530 

152 

109 

25.3 

9.7 

<0.1 

4 

3.890 

120 

106 

21.4 

5.9 

0.1 

X 

4.070 

126 

120 

22.6 

8.0 
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APPENDIX  G-I 


Total  heavy  metal  concentrations 
Sado'  and  Mira  estuaries.  Samples 
1987. 


(ppb)  in  the  waters  of 
collected  in  November 


1 

Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

1  MOINHO  DA  ASNEIRA 

60-380 

40-100 

20-40 

20-70 

15 

1 

1  SETENAVE  E 

| 

1900-3140 

42-52 

35 

138 

15 

■a 

|  SETENAVE  W 

330-410 

58-62 

22-60 

60-70 

15 

5-6 

MOURISCAS 

780 

65 

52 

100 

15 

6 

■  BATALHA 

1 

36 

140 

100 

15 

5 

i  ETAR 

120 

20 

25 

105 

15 

6 

APPENDIX  G-2  -  "Dissolved"  (dissolved+coloidal)  heavy  metal  concentra¬ 

tions  (ppb)  in  the  waters  of  Sado  estuary.  Samples  col¬ 
lected  in  January  1988.  "Dissolved"  values  obtained  af- 


ter 

filtration 

through 

a  Whatman 

No.  42 

filter 

paper. 

Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

SETENAVE  E 

4 

2 

2 

33 

30 

10 

SETENAVE  W 

4 

130 

2 

34 

20 

1 

MOURISCAS 

4 

120 

2 

21 

90 

MB 

BATALHA 

4 

400 

2 

2 

130 

■ 
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APPENDIX  G-4  -  Dissolved  heavy  metal  concentrations  in  the  upper  zone 
of  the  Sado  basin.  Site  1,  Corona,  1  Km  before  Lousal  ; 
2,  Corona,  immediately  after  the  main  discharge  of  Lou¬ 
sal  mine  effluent;  3,  Corona,  imnediately  before  the  Sa 
do  confluence;  4,  Roxo,  10  Km  upstream  of  Aljustrel  mi¬ 
ne  effluent;  5,  Roxo,  immediately  before  the  Sado  con¬ 
fluence;  6,  Sado,  inmediately  after  the  Roxo  confluence. 
For  more  details  refer  to  Fig.  5.  All  values  expressed 
in  ppb.  Water  samples  filtered  through  a  Whatman  No.  42 
filter  paper,  except  No.  6,  that  refers  to  total  heavy 
metals.  Samples  collected  in  January  1988,  except  No.  6 
(November  1987). 


SAMPLING  SITE 

RIVER 

Fe 

Mn 

Zn 

Cu 

Pb 

Cd 

1 

Corona 

1  200 

100 

450 

40 

30 

■ 

2 

Corona 

1  170 

1  190 

2  680 

2 

30 

■ 

3 

Corona 

950 

150 

140 

2 

30 

B 

4 

Roxo 

4 

100 

2 

2 

30 

20 

5 

' 

Roxo 

4 

2  730 

7  500 

27 

30 

20 

6 

Sado 

300 

1  220 

540 

160 

15 

8 
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APPENDIX  H  -  Scanning  Electron  Microscope  Micrographs  of  Holm-oak  Leaves 


Fig.  HI  -  Cross  section  of  a  holm-oak  leaf  showing  the  dense  cover  of 
hairs  in  the  lower  page  (x  140) 


Fig.  H2  -  Top  view  of  the  lower  page  of  a  holm-oak  leaf  (x  260) 
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Fig.  H3  -  Detail  of  the  lower  page  of  a  holm-oak  leaf  showing  a  large 
hair  constituted  by  up  to  16  individual  "arms"  arising  from 
the  same  base  (control  leaf,  x  340). 


Eig.  H4  -  Top  view  of  the  upper  page  of  a  holm-oak  leaf  showing  a  much 
more  sparse  cover  of  hairs.  As  in  the  lower  page,  it  can  be 
seen  a  large  number  of  particles  adhering  to  the  leaf  surfa¬ 
ce  (x  560) . 
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